Introduction
For many years obesity has been known to induce a state of systemic low-grade inflammation that contributes to the development of numerous comorbidities, such as type 2 diabetes, dyslipidemia, cardiovascular diseases, and neurodegenerative disorders (1) (2) (3) . In addition to metabolic derangements in peripheral organs, obesity-related inflammatory changes perturb brain function, especially affecting brain areas that regulate energy homeostasis and systemic metabolism. The importance of the brain in controlling energy homeostasis is underscored by the fact that monogenetic defects underlying the development of obesity are almost exclusively caused by mutations in genes that act in the brain to regulate food intake (4) . Furthermore, examination of genes at loci associated with BMI has provided strong support for a role of the CNS in obesity susceptibility (5, 6) . In addition to an individual's genetic predisposition to hyperphagia, the virtually unlimited availability of calorie-dense, high-fat-and high-carbohydrate-containing foods has contributed to the recent, ever-increasing obesity epidemic (7, 8) . Over the last years, hypothalamic inflammation has been linked to the development and progression of obesity and its sequelae and has emerged not only as an important driver of impaired energy balance, but also as a contributor to obesityassociated insulin resistance via altered neurocircuit functions.
Hypothalamic regulation of energy homeostasis
The hypothalamus controls a number of neuroendocrine functions that integrate metabolic feedback and regulate energy homeostasis (9, 10) . Early lesion experiments revealed that alterations in the hypothalamic area of the brain resulted in changes in feeding behavior and energy expenditure (11, 12) . Key to this regulatory function is the melanocortin system, which consists of two functionally antagonistic neuronal populations -one subset of neurons expresses the orexigenic neuropeptides agouti-related peptide (AgRP) and neuropeptide Y (NPY), the second subset expresses the anorexigenic peptides proopiomelanocortin (POMC) and cocaine and amphetamine regulated transcript (CART). These neuronal subsets are located in the arcuate nucleus (ARC) of the mediobasal hypothalamus (MBH) (13, 14) . Both of these neuronal populations express high levels of receptors that bind hormones and thus respond to metabolic cues to control food intake and energy expenditure, depending on the energy state of the body (15) (16) (17) . Circulating levels of insulin and leptin, proportionate to nutritional status and adipose tissue stores, inhibit AgRP neurons and activate POMC neurons, leading to decreased energy intake and increased energy expenditure (18) (19) (20) . Neuronal intracellular insulin signaling triggers phosphorylation of forkhead box protein O1 (FOXO1), resulting in nuclear exclusion of FOXO1 and inhibition of FOXO1-mediated repression of POMC gene expression (21) (22) (23) . Leptin receptor signaling leads to the phosphorylation of STAT3, which dimerizes and translocates to the nucleus, inducing POMC gene expression (24) . POMC is expressed as a precursor peptide, which is processed posttranslationally into several peptides, including melanocortin receptor ligands (25) (26) (27) . These melanocyte-stimulating hormones (MSHs) are released from synaptic endings of POMC neurons and act on melanocortin receptors (MC3R/MC4R) expressed on second-order neurons that are located, among other target regions, in the paraventricular nucleus (PVN) of the hypothalamus to suppress food intake (16) . These second-order neurons are part of the energy homeostasis circuit projecting to hindbrain autonomic centers, such as the nucleus of the solitary tract (NTS), which process Over the last years, hypothalamic inflammation has been linked to the development and progression of obesity and its sequelae. There is accumulating evidence that this inflammation not only impairs energy balance but also contributes to obesity-associated insulin resistance. Elevated activation of key inflammatory mediators such as JNK and IκB kinase (IKK) occurs rapidly upon consumption of a high-fat diet, even prior to significant weight gain. This activation of hypothalamic inflammatory pathways results in the uncoupling of caloric intake and energy expenditure, fostering overeating and further weight gain. In addition, these inflammatory processes contribute to obesity-associated insulin resistance and deterioration of glucose metabolism via altered neurocircuit functions. An understanding of the contributions of different neuronal and non-neuronal cell types to hypothalamic inflammatory processes, and delineation of the differences and similarities between acute and chronic activation of these inflammatory pathways, will be critical for the development of novel therapeutic strategies for the treatment of obesity and metabolic syndrome.
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Markers of hypothalamic inflammation increase significantly during the first days of HFD feeding, with reactive gliosis and neuronal injury manifesting during the first week, even prior to body weight gain (35) .
Acute effects of HFD feeding
Regulation of energy homeostasis depends on input to the hypothalamus from metabolic feedback signals such as insulin and leptin (36) . Diet-induced obesity causes activation of cytokines and inflammatory pathways in the hypothalamus (37) . In parallel to the early occurrence of inflammation, three days of HFD feeding is sufficient to significantly reduce hypothalamic insulin sensitivity in rodents (38) . Importantly, these processes precede inflammatory events in peripheral tissues, such as the liver (39) . Several studies have shown that specific lipid species are linked with resistance to the main adipostatic hormones insulin and leptin in peripheral tissues (40) (41) (42) (43) . Fatty acids, especially long-chain saturated fatty acids (SFAs), can acutely modulate neuronal control of energy homeostasis. Enteric gavage with SFAs induces hypothalamic inflammation within days, whereas administration of monounsaturated fatty acids did not result in compromised hypothalamic function (44) . SFAs, such as palmitate and stearate, are able to cross the blood-brain barrier (BBB) and accumulate specifically in the hypothalamus, where they blunt anorexigenic signaling by insulin and leptin and thereby promote positive energy balance (44) (45) (46) . SFAs, unlike unsaturated fatty acids, trigger the activation of inflammatory signaling cascades via TLR4 signaling and the adaptor molecule myeloid differentiation primary response gene the response to satiety signals and contribute to adaptive feeding behavior (ref. 28 and Figure 1 ).
Under fasting conditions AgRP-expressing neurons are activated to induce feeding, to inhibit energy expenditure, and to regulate glucose metabolism (13, 14, 29) . More recently, we demonstrated that an obesity-associated increase in circulating uridine concentrations can increase hypothalamic UDP concentrations, which in turn activate AgRP neurons in a P2Y6 receptor-dependent manner (30) . AgRP acts as an inverse agonist of MC3R/ MC4R and counteracts the anorectic effect of α-and β-MSH, thereby positively regulating feeding behavior (31) . AgRP neuronal activity also immediately affects peripheral glucose homeostasis (32, 33) . Interestingly, signals that promote feeding also enhance POMC neuronal activity. Activation of the cannabinoid receptor CBR1, which is known to mediate cannabinoid-induced food intake, leads to the (paradoxical) activation of POMC neurons and the selective release of β-endorphin instead of α-MSH (34). This preferential production of β-endorphin is dependent on endocannabinoid receptor expression in mitochondria and modulation of mitochondrial uncoupling protein 2.
In this context it is remarkable how rapidly overconsumption of a fat-rich diet results in acute changes in the feedback to metabolic endocrine signals (such as leptin and insulin signaling) and in hypothalamic inflammatory responses (35) . Inflammatory processes in the hypothalamus occur in two phases. A transient, early inflammatory phase and, with sustained exposure to highfat diet (HFD), a secondary phase, in which prolonged inflammatory cascades lead to the activation of cellular stress mechanisms. The hypothalamus senses and integrates feedback from adipostatic hormones, which circulate in levels proportionate to nutritional status and adipose tissue stores. Insulin and leptin act directly on neuronal subsets in the ARC of the hypothalamus to control energy homeostasis. Through activation of POMC neurons and inhibition of AgRP neurons, adipostatic signals activate MC4R-expressing neurons in the PVN. During fasting conditions, the expression of AgRP increases, whereas POMC expression is reduced, resulting in decreased MC4R signaling. In the fed state, AgRP levels are diminished and POMC levels increase, which triggers MC4R signaling and culminates in satiety and stimulation of energy expenditure. Neuronal inflammation and the subsequent insulin and leptin resistance of ARC neurons disrupts this metabolic feedback loop, further promoting increased food intake and body weight gain. 2 6 jci.org Volume 127 Number 1 January 2017
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induces weight gain and adiposity in mice as a consequence of hyperphagia (55) . In fact, conditional JNK1 knockout specifically in the brain, but not in other tissues, leads to protection against insulin resistance, hyperinsulinemia, and glucose intolerance (56, 57) . Interestingly, activation of TLR4 signaling controls apoptotic activity of cells in the hypothalamus but subsequently activates proinflammatory pathways that ultimately lead to the development of central insulin and leptin resistance (58) .
Elevations of sphingolipids such as ceramides, whose synthesis depends on SFAs, and alterations in downstream sphingolipid-mediated signaling pathways might provide an additional mechanism by which SFA-induced inflammatory pathways mediate the deterioration of insulin and leptin signaling (59, 60) . Induction of ceramides during obesity has been shown to promote insulin resistance (61) . Ceramide is a common mediator of cellular stress, and inhibition of ceramide biosynthesis blocks the ability of SFAs to induce insulin resistance in obese rodent models (62) . Although hypothalamic metabolic inflammation affects both males and females, sphingolipids and palmitic acid show a sexually dimorphic accumulation pattern during high-fat feeding and increase more in the CNS of male mice than in female mice (63) . Furthermore, SFAs are able to mediate central insulin resistance via activation of the PKC isoform PKC-θ. Palmitic acid induces translocation of PKC-θ to the cell membrane exclusively in AgRP neurons, resulting in inhibition of PI3K signaling (64) . This finding is specific for palmitic acid, as CNS exposure to the monounsaturated fatty acid oleic acid did not induce insulin resistance. Conversely, ARC-specific knockdown of PKC-θ attenuated diet-induced obesity (64) . These HFD-induced perturbations are further amplified by the ER system via activation of unfolded protein response (UPR) signaling pathways (52, 65, 66) . In the hypothalamus, ER stress and activation of UPR signaling pathways lead to the development of insulin and leptin resistance. ER stress and IKK/NF-κB promote each other during HFD feeding and accelerate the energy imbalance underlying obesity (50) . Central administration of an ER stress inducer inhibits the anorexigenic and weight-reducing effects of leptin and insulin (67) . Conversely, mice with neuron-specific deletion of ER stress activator X-box binding protein 1 (Xbp1) exhibit increased leptin resistance and adiposity (65) . Hypothalamic POMC neurons are critical mediators of hypothalamic ER stress. Constitutive expression of Xbp1s selectively in POMC neurons represses Socs3 and protein tyrosine phosphatase 1B (Ptp1B) expression and protects against HFD-induced obesity (68) . ER stress and the UPR are potent regulators of POMC neurons and are therefore inter-88 (MyD88) (refs. 47, 48, and Figure 2 ). Pharmacologic inhibition of neuronal TLR4 signaling inhibits fatty acid-induced insulin (45) and leptin resistance (49) . Furthermore, mice with CNS-specific ablation of MyD88 are protected from HFD-induced weight gain and deterioration of glucose metabolism (48) . Downstream signaling occurs via the IKK complex and NF-κB activation, leading to the expression of proinflammatory genes in the hypothalamus (45, 49, 50) . Brain-specific activation of IKKβ results in increased food intake and body weight gain and interrupts central insulin and leptin signaling (50) . Furthermore, activation of NF-κB induces expression of suppressor of cytokine signaling 3 (SOCS3), which subsequently inhibits neuronal insulin signaling (50) . Upon acute exposure to HFD, SOCS3 is upregulated in AgRP neurons, leading to hyperphagia, energy imbalance, and development of insulin and leptin resistance. In contrast, intracerebroventricular (ICV) injections of unsaturated fatty acids, namely omega-3 fatty acids, restore leptin and insulin sensitivity (51) (52) (53) .
TLR4-mediated signaling pathways also activate the MAPK pathway, which triggers p38-and JNK-dependent signaling and activation of various activator protein-1 (AP-1) subunits. JNK mediates inhibitory phosphorylation of insulin receptor substrate (IRS) proteins at serine 307, thereby impairing insulin action (54) . Constitutive JNK activation in AgRP neurons of the hypothalamus cific ablation of PTP1B recapitulated these findings and identified POMC neurons as important targets of PTP1B action (74, 75) . HFD feeding also alters synaptic plasticity, a change in synaptic strength in response to stimuli, in key hypothalamic neuronal systems (76) (77) (78) . When exposed to a HFD, both POMC and AgRP neurons present fewer synapses on their perikarya compared with mice fed a normal chow diet. The decrease in POMC synapses affects inhibitory contacts specifically, suggesting a decreased inhibitory tone (78) . In addition, prolonged inflammation leads to apoptosis of hypothalamic neurons and a reduction of synaptic inputs in the ARC and lateral hypothalamus (58, 79, 80) . POMC neurons in the hypothalamus are the main targets of inflammation-induced apoptosis, resulting in an imbalance of the hypothalamic control of energy homeostasis (35, 58, 80) . Furthermore, long-term HFD feeding leads to functional impairment of the neurogenic capacity of hypothalamic neural stem cells (htNSCs), in which HFD-induced activation of IKK/NF-κB triggers apoptotic pathways, resulting in reduced proliferation and survival of htNSCs (80) .
Hypothalamic microglia and metabolic inflammation
Prolonged HFD feeding leads to metabolic inflammation in peripheral organs such as white adipose tissue, liver, and skeletal muscle (81) . In contrast, hypothalamic inflammation occurs before significant body weight gain, with rapid activation of a complex network of cells (Figure 3 and ref. 35) . Activation of hypothalamic microglia in obese mice is influenced by dietary composition and by fat-and gut-derived hormones, rather than obesity or adiposity per se (82) . Activated microglia accumulate within the hypothalamus (35, 49) and are associated with the buildup of SFAs (44) . Interestingly, the depletion of microglia in the hypothalamus reduces SFA-induced inflammation and neuronal stress, which enhances leptin signaling and leads to decreased food intake (44) . Conversely, ICV infusion of stearic acid leads to hypothalamic inflammation that mimics TNF-α action (83) . Furthermore, neuropeptides such as α-MSH and NPY can immediately modulate the production of cytokines by microglial cells (84, 85) . Activated hypothalamic microglia produce a variety of proinflammatory cytokines such as TNF-α, IL-1β, and IL-6 (86, 87); however, IL-6 was shown to be involved in exercise-induced suppression of IKKβ/NF-κB activity and ER stress in the brain, leading to a reduction in food intake (88) . Apart from direct proinflammatory action on neurons, these microgliaderived cytokines induce the expression of fractalkine (CX3CL1) in neurons (89) , thereby amplifying the inflammatory processes through recruitment of peripheral monocytes to the hypothalamus. Although considered to be immune privileged, recent findings show that the brain is tightly coupled to the immune system, as exemplified by the discovery of a classical lymphatic system in the CNS that allows lymphatic drainage and leukocyte trafficking (90) . Indeed, reciprocal interactions between the CNS and the innate immune system may allow the brain to rapidly sense peripheral metabolic and inflammatory cues (91) .
Hypothalamic astrocytes
Metabolically, the brain critically depends on sustained energy supply and relies almost exclusively on glucose as its main energy source, although the brain is able to use other energy substrates esting targets for the amelioration of central insulin and leptin resistance and the regulation of metabolic disorders.
Collectively, multiple inflammatory and stress response pathways are rapidly activated during HFD-feeding and promote the development of neuronal insulin and leptin resistance, raising the possibility that nutrient excess itself is the primary driver of hypothalamic inflammation.
Chronic effects of HFD feeding
Inflammatory mediators released from non-neuronal cell types give rise to long-lasting impaired metabolic control of the hypothalamus. Proinflammatory cytokines, such as TNF-α, promote the onset of insulin and leptin resistance by further activation of JNK/ AP-1 and NF-κB signal transduction pathways. CNS exposure to low-dose TNF-α promotes local insulin and leptin resistance (69) , whereas hypothalamic administration of the anti-TNF-α antibody infliximab markedly reduces body weight gain during HFD feeding (70) . Furthermore, TNF-α induces the expression of PTP1B, a major negative regulator of insulin and leptin signaling, via NF-κB activation (71) . Elevated levels of PTP1B after long-term HFD feeding attenuate insulin signaling via direct dephosphorylation of the insulin receptor as wells as its downstream substrate, IRS-1 (72, 73) . Neuronal-specific deletion of Ptp1b in mice has been shown to reduce body weight and adiposity, increase energy expenditure, and improve glucose homeostasis (72) . POMC-spe- fed regular chow (113) . These findings imply that increased exposure to dietary lipids, but not increased body weight, is the predominant driver of BBB impairment. Furthermore, mice that are fed a long-term HFD show increased hypothalamic angiopathy with increased blood vessel density and length (102) .
Contributions of other cell types
Tanycytes are specialized glial cells that play a crucial role in the transport of and response to leptin (112, 114) . These cells have long processes that bridge the cerebrospinal fluid to the portal capillaries. Recently another cell type, NG2-glia cells (also known as oligodendrocyte precursors) were determined to be critical for hypothalamic function, as the ARC leptin receptor neurons lose responsiveness to leptin after NG2-glia ablation (115) . These cell types are part of a complex regulatory network involved in maintenance of metabolic homeostasis and underscore the importance of understanding the interactions between neuronal and non-neuronal cells in hypothalamic inflammation.
Hypothalamic deregulation in the human brain
There is growing evidence that consumption of a high-fat, high carbohydrate diet is associated with hypothalamic deregulation in the human brain, but so far only a few studies have addressed anomalous hypothalamic function in the human brain directly. A retrospective analysis of MRIs of non-obese and obese patients showed evidence of increased gliosis in the MBH of obese humans (35) . A study using diffusion tensor imaging reported obesity-associated hypothalamic damage associated with inflammatory markers and worse cognitive performance (116) . Furthermore, obesity-related systemic inflammation reduces the integrity of brain structures involved in reward and feeding behaviors (117) . Mouse models of obesity provide unique insights into disease mechanisms but have their translational limitations, as exemplified by the lack of β-MSH in mice (27) . In light of the limited knowledge of metabolic inflammation in the human brain, further neuroimaging studies on human patients are needed to validate findings from animal models and potential therapeutic strategies. Neuroimaging techniques such as functional MRI, PET, electroencephalography, and magnetoencephalography are powerful tools for directly investigating changes in brain function associated with human obesity and provide an important link between animal studies and clinical research in obese patients.
Hypothalamic inflammation and deregulation of peripheral tissues
Hypothalamic neurons project to autonomic sites such as the rostral ventrolateral medulla, NTS, and dorsal motor nucleus of the vagus nerve in the hindbrain (118, 119) . The sympathetic nervous system stimulates thermogenesis and stabilizes body weight via activation of β-adrenergic receptors. HFD-induced hypothalamic inflammation disrupts this regulatory pathway of energy homeostasis. Overnutrition is associated with excessive sympathoexcitation, which increases weight gain as a consequence of reduced sensitivity of β-adrenergic receptors (120) . In this context, NF-κB-mediated inflammation in POMC neurons, rather than AgRP neurons, is required for overnutrition-induced sympathoexcitation (121) . Furthermore, a reduction in parasympathetic tone has been demonstrated to contribute to the activation of inflamsuch as ketone bodies during development and starvation (92) . Glucose is primarily taken up by astrocytes located around blood vessels and metabolized to lactate, which is supplied to neurons (93) . However, a recent study is challenging this view and shows that neurons, and not astrocytes, are the primary consumers of glucose (94) . Apart from this shuttling function, astrocytes play a key role in maintaining synaptic plasticity and survival (95) . HFD is associated with the accumulation and activation of astrocytes in the hypothalamus (35, 96) . Reactive astrocytosis in the hypothalamus occurs as early as 24 hours after HFD intake (97) . In response to HFD feeding, hypothalamic astrocytes produce a variety of inflammatory factors. Again, SFAs activate inflammatory signaling pathways in primary astrocyte cultures and trigger the release of inflammatory cytokines (98) . Astrocytes also express TLRs that respond to inflammatory triggers via activation of the NF-κB pathway, which in turn regulates the expression of proinflammatory cytokines (99) . In addition, obesityinduced production of TGF-β by astrocytes induces a hypothalamic RNA stress response to accelerate Ikba mRNA decay, leading to atypical NF-κB activation in the hypothalamus (100). Thus, crosstalk of astrocytes and neurons in response to HFD intake plays a fundamental role in hypothalamic inflammation.
Hypothalamic vasculature and the BBB
Alterations of the BBB are fundamentally involved in the development of hypothalamic inflammation (101) . The BBB acts as an interface between the CNS and peripheral tissues, regulating the exchange of substances between the circulation and the brain parenchyma. Pathologic changes in the hypothalamic vasculature have been observed in response to a HFD/high-sucrose diet in rodents as well as in patients with type 2 diabetes (102). Moreover, the unique, fenestrated capillary system in the median eminence exposes hypothalamic cell populations to stress-promoting signals emanating from peripheral circulation (35, 103, 104) . Interestingly, obesity-associated astrogliosis does not occur uniformly across the hypothalamus, but is associated with microvessels, suggesting a possible response by astrocytes to changes at the BBB and/or the peripheral circulation (105) . IL-1β is upregulated in the CNS during HFD feeding and contributes to BBB dysfunction via the transcriptional repression of claudin-5 (106), a tight junction protein critically involved in maintaining BBB integrity (107) . Furthermore, long-term intake of a hypercaloric diet decreases expression of other tight junction proteins on brain endothelial cells and increases in microgliosis (108) . This disruption of BBB integrity permits leukocyte infiltration into the brain (109) . Critically, the function of the BBB is controlled by VEGF, which is the key regulator of neovascularization, blood vessel homeostasis, and hypervascularization (110) . Recently, work from our lab has shown that acute HFD feeding leads to reduced brain glucose uptake. Subsequent activation of perivascular macrophages increases VEGF production, which is sufficient to reconstitute glucose transporter expression at the BBB (91). Long-term HFD feeding results in the expression of VEGF in astrocytes (111) as well as in tanycytes in the hypothalamus (112) , which promotes microvessel permeability and disruption of BBB integrity. HFD-fed mice show increased accumulation of IgG in the ARC, whereas in chow-fed obese ob/ob mice, IgG deposition was comparable to control wild-type mice jci.org Volume 127 Number 1 January 2017 matory responses in obesity (122, 123) . Activation of α7 nicotinic acetylcholine receptors on immune cells could thus limit obesity-induced inflammation and subsequently improve systemic insulin resistance (124, 125) . Hypothalamic inflammation exerts broad effects on peripheral tissues, such as modulation of insulin secretion by pancreatic β cells (83) . Similar to β cells (126) , glucose sensing in POMC neurons is lost during the development of metabolic syndrome, which subsequently leads to impaired control of glucose metabolism and energy homeostasis (127) . In rodents, three days of HFD feeding were sufficient to impair the ability of hypothalamic insulin to suppress white adipose tissue lipolysis and hepatic glucose production (128) . In addition, hypothalamic inflammation leads to deregulation of peripheral insulin action (129) and a reduction in adaptive thermogenesis (130, 131) .
Maternal metabolic imprinting
Increasing evidence from human and animal studies suggests that maternal obesity and/or diabetes has long-term consequences for the future health of offspring (132) (133) (134) (135) . Maternal feeding of a HFD only during lactation impairs hypothalamic melanocortin circuitry, leading to malformation of neural projections as a consequence of abnormal insulin signaling (134) . The maternal diet affects hypothalamic function and plasticity, resulting in alterations to energy homeostasis in the offspring. Furthermore, HFD exposure prior to and during pregnancy in rodents (136, 137) and non-human primates (138, 139) leads to activation of the maternal immune system and subsequent increases in brain inflammatory markers of the offspring. Therefore, inflammatory pathways in the brain may already be primed toward a proinflammatory response as a consequence of maternal diet.
Conclusion
Over the last years it has become evident that the brain plays a crucial role in the development of obesity and associated co-morbidities. Most of the evidence points to uncoupling of food intake and energy expenditure due to diet-induced inflammation and gliosis in the hypothalamus. Obesogenic diets elicit early inflammatory effects in the hypothalamus, which precede inflammatory events in peripheral tissues. Metabolic processes are not regulated via neuronal cells alone, but rather they are embedded in a complex regulatory system of different cell types. Prolonged over-nutrition leads to sustained hypothalamic inflammatory processes via interactions between neurons and non-neuronal cell populations, perpetuating these initially reversible processes and ultimately resulting in uncoupling between caloric intake and energy expenditure, fostering overeating and further weight gain. Understanding the contributions of different neuronal and non-neuronal cell types to hypothalamic inflammatory processes and delineating differences and similarities between acute and chronic activation of inflammatory pathways will be critical to the development of novel therapeutic strategies for the treatment of metabolic syndrome.
